We present experimental results of unprecedented large magnetoresistance obtained in stable electrodeposited Ni-Ni nanocontacts 10-30 nm in diameter. The contacts exhibit magnetoresistance of up to 700% at room temperature and low applied fields and, therefore, act as very effective spin filters. These large values of the magnetoresistance are attributed to spin ballistic transport through a magnetic ''dead layer'' at the contact of width of about 1 nm or smaller. Nanometer sized, high sensitive magnetoresistive sensors could become key elements for magnetic storage in the terabit/in. 2 range and in high density magnetic random access memories.
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One impetus for propelling new technologies is the demand for ever higher bit densities in storage and in memories. In both, the density so far has been doubled every 18 months in recent times. In magnetic storage, it reaches now 10-20 Gbits/in 2 . State-of-the-art reading heads make use of giant magnetoresistance ͑GMR͒.
1,2 The ever increasing storage densities and increasing reading speeds require ever smaller and in particular more sensitive reading heads. For an envisaged density in the range of terabits/in 2 , the bit size shrinks to a few tens of nanometers, thereby demanding reading heads of similar size and of very high sensitivity. The ballistic magnetoresistance ͑BMR͒ in magnetic constrictions offers a very promising, new avenue for nanometer scale, ultrasensitive magnetic reading heads. It has been shown that atomic size ͑ϳ1 nm͒ Ni and Co contacts exhibit a BMR of up to 300% at room temperature ͑RT͒ and 100 Oe. 3 This is an order of magnitude larger than what is commonly obtained in GMR. Such large values of magnetoresistance are caused by spin scattering at very thin domain walls. 4, 5 Atomic size contacts, however, were found to be very delicate and are thus not practical for technological applications. Recently we have developed electrodeposited Ni contacts with diameters in the 10-30 nm range which were stable for days and exhibited BMR of 20% at RT and 500 Oe. 6, 7 In addition, BMR can be manipulated by current pulses through the contact. 6, 7 The electrodeposited Ni nanocontacts here were grown between two Ni wires of 125 m diameter and 5 mm length ͓see Fig. 1͑a͔͒ , similar to the previous work. 6, 7 However, the contacts were grown at the middle of a horizontal wire and a bipotentiostat ͑model AFCBP1, Pine Instrument Company͒ was used in this work to control the potential applied to the two electrodes. Nickel was deposited on the vertical electrode ͓see Fig. 1͑a͔͒ only, so the horizontal electrode remained unaffected by the electrochemical process. The electrolyte was composed of saturated NiSO 4 aqueous solution with a pH value of 1-2. The deposition potential was chosen to be Ϫ1.05 V versus the saturated calomel electrode ͑SCE͒ based on cyclic voltammetry experiments performed in the electrolyte solution employed.
For the magnetoresistance measurement, the sample was placed into a magnetic system ͑model M-50 MMR Technologies, Inc.͒ which can provide a homogeneous field up to 4.5 kOe and control the temperature in the range of 80-700 K with precision of 0.02 K. The magnetic field is applied along the vertical Ni wire axis ͓see Fig. 1͑a͔͒ . The nanocontact resistance, R, is measured at currents of 5-100 A. We have chosen the crossbar configuration of Fig. 1͑a͒ , so that the two sides of the nanocontact respond differently to an applied field along the vertical wire axis due to different shape anisotropies. This different response is the cause of the MR measured. The measured MR values are thus given by the magnetic configuration in the vicinity of the contact which can be induced by a uniform field. They and the associated fields, therefore, can be much smaller or larger, respectively, than the full MR obtained and the fields needed when changing the magnetizations independently on the two sides of the a͒ Corresponding author; electronic mail: nicolas.garcia@fsp.csic.es contact from parallel to antiparallel. The resistance is usually lowest in the virgin zero field state, suggesting a predominantly parallel configuration as shown in Fig. 1͑c͒ . In Fig. 2 , we present a striking experimental result for a sample of 1.2 ⍀ initial resistance (Hϭ0), corresponding to a contact diameter of 30 nm. The section size of the nanocontact determines the resistance R: the diameter of the con-
, assuming that the quantum of resistance of 12.9 k⍀ is associated with one atom with an area of approximately 0.1 nm 2 . Figure 2͑a͒ shows 13 full R(H) sweeps from zero field to 3.4 kOe on to Ϫ3.4 kOe and back to zero field, taken within 6 h. The first curve shows the largest magnetoresistance of 700% in a field of Hϭ720 Oe. The MR goes through a maximum at around 700 Oe, before dropping to a small value in high fields. Upon cycling, the MR decreases and tends to stabilize at ϳ400%, with the field of maximal MR remaining at around 720 Oe. The large hysteresis is attributed to domain wall pinning. If the fields are swept to the MR maximum of 720 Oe only, the hysteresis becomes very small ͓see Fig. 2͑b͔͒ . Since the resistance in zero field is lowest in most of the contacts investigated, up to some small hysteresis effects, the magnetization directions on either side of the contact can be taken as predominantly parallel in a zero applied field. The increase of the MR with applied field means a change to a less parallel magnetic configuration. Actually, as elaborated on below, the maximum in the MR is associated with a predominantly antiparallel configuration. A plausible cause for this behavior is that domains or domain walls sweep across the contact. 7, 8 Therefore, the micromagnetic configuration in the vicinity of the contact, which determines the magnetoresistance, is not connected in a straightforward, unambiguous way to the external field and thus to the bulk magnetization. On the one hand, this is a drawback inherent to the present experimental setup. On the other hand, it demonstrates that the measured MR is not an artifact due to magnetostatic forces and magnetostriction, since these are given by the bulk magnetic properties and not by the micromagnetic configurations in the vicinity of the contact. This is further corroborated by experiments, in which the Ni wires were replaced by Cu wires on which the Ni-Ni contact was grown after a Ni layer of a few m thickness and 1 mm length was first deposited on the center of the horizontal Cu wire and on the tip of the vertical Cu wire ͓see Fig. 1͑b͔͒ .
We attribute the decrease of the maximal MR in Fig. 2 of 700% to about 400% to a long relaxation time of the micromagnetic configuration in the vicinity of the contact. We, however, exclude oxidation of the contact as a possible cause. First, oxidation should critically affect the zero field resistance, which, however, remains unchanged. Furthermore, a very thin electron transparent oxide layer with conducting channels, defects, etc., is not expected to reduce the BMR. Second, a similar decrease of the MR is also observed in contacts which are kept in the electrolyte, where no oxidation is expected.
These extraordinary large values of the MR are a consequence of ballistic conductance. The theory to explain BMR is based on the strong scattering suffered by the spin by a thin domain wall. 4, 5 The relevant formula developed in Ref.
where pϭ(D ↑ ϪD↓)/(D ↑ ϩD ↓ ) describes the spin polarization, D ↑ and D ↓ are the densities of states for up and down spins at the Fermi level, and F is a function that describes the nonconservation of conduction electron spin. Theory further predicts, 4, 5 that, at a domain wall width comparable to or smaller than the electron wavelength, the spin should be conserved (Fϭ1) in the conduction process and the BMR achievable is given by the degree of polarization only. Assuming that the band structure on the two sides of the nanocontact is the same as that in the bulk electrode, then, for Ni D ↑ /D ↓ ϭ11, 9 i.e., pϭ0.83. Using Eq. ͑1͒ one arrives at a maximal MR of 400%, in good agreement with the experiments. The even larger experimental BMR values, although the experiments should give a lower bound, might be attributed to larger surface electronic polarization than that in the bulk due to a special configuration of atomic positions near the contact region that may be metastable.
From with higher electron polarization at the Fermi level or by choosing electron transfer between appropriate bands. For the latter, we cite experiments in which fully spin-polarized electrons are injected at 5 eV in UHV into Co monolayers, 12 resulting in a MR of about 1000%.
In conclusion, we have shown that 10-30 nm sized electrodeposited nanocontacts exhibit MR values up to 700% at room temperature and low fields and act as nearly perfect spin filters. The method of fabricating the contacts is straightforward and should lend itself to large scale fabrication. Further development of these kinds of contacts should lead to nanometer sized magnetic sensors with the sensitivity and stability necessary for reading heads using terabit/in. 
